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(57) ABSTRACT

A semiconductor memory device includes a memory cell
array, a word line decoder, a time determination signal gen-
eration circuit, and a timing circuit. The memory cell array is
configured to include a plurality of memory cells, and the
word line decoder is configured to control selection and a
voltage level of a word line connected to each of the memory
cells. The time determination signal generation circuit is con-
figured to generate a time determination signal indicating a
determination time, the determination time being a reference
by which a change in a command is determined, and the
timing circuit is configured to determine the change in the
command from the time determination signal and generate a
control signal which controls whether or not a selected word
line is pre-charged.

13 Claims, 17 Drawing Sheets

105 100
S 101
________________________ _L/________ —_—————
= |
o
104 = WL, |
3(|8
=11 PL BL
el
ADDRESSES =||2 :
T0 AT =5
e | me
102 2|2 108
T ¢
ICE COMMAND || BIT LINE AWPLIFIER
JOE—>{  GONTROL TIMING
WE CIRCUIT CIRCUIT | ! COLUMN LINE DECODER
<107
1/0 GONTROL GIRCUIT
COLUNN
ADDRESSES s
A1 TO A16 DQ 106




U.S. Patent Jul. 26, 2016 Sheet 1 of 17 US 9,401,192 B2

FIG. 1

[nMOS TRANSISTOR]

(D)
\ (G) 4
—C |{ID
VG (S)
ID =
[A:log] Lo
ID12 8
ID11 (
. S

VG[v]



U.S. Patent Jul. 26, 2016 Sheet 2 of 17 US 9,401,192 B2

COLUMN <> S
ADDRESSES

A11 TO A16 DQ 106

FIG. 2
105 190
} et 101
______________________ R —_————
I /t |
| E ||z |
| 104_—8||& VVL'INWE!I |
O

| 2| w | PLTE, |
| R0l z5lpe, | ! |
| ADDRESSES — 5 = (| Z > ' |
| P 10 A 2|12 MEMORY CELL |
| =g ARRAY 108 |
| 102 103 !

|
| \\ / $ SBL# S |
| /CE COMMAND BIT LINE AWPLIFIER | |
| WE CIRCUIT CIRGUIT COLUMN LINE DECODER |
I
| £ <407

|
| 1/0 CONTROL CIRCUIT| |
| |
! |
! |
! |
! |



US 9,401,192 B2

Sheet 3 0f 17

Jul. 26, 2016

U.S. Patent

ON 14
Q (uL 4 ™
_ aNo 09
_ _ €138 1M LEFIM
o I en_/
uIS L oW /J SINLL-TM
) T~ | OLY 0L 8V
~ . S3SSTIAQY
1d M LA ! o CEFIM
L1 S RER] 221
ZLFIM b IM
ZWIL-TM
- ~—~— n
WLLId 41y o1 ov LLIFIM : T< 0L LV $3SSTWAQV
$3SSTHAQY 253G
LALLM
| 4300030 INI1 41Vd | oV SSIyaav
1093A-TM
ﬁo\r/\ \_ O 4300030 1T QUON_/
\ll\
G0l

€ 9Id




U.S. Patent Jul. 26, 2016 Sheet 4 of 17 US 9,401,192 B2

FIG. 4

WL-DEC3

181 A8X
A8X
A9X ——— )
A8 —WASZ ATOX—— WLO-SEL3
191 182 AOX AS7 AND51
A9X ]
A9 A97 N WL1-SEL3
192 A10X  A8X ANDbS2
A10 —] A10z  AYZ WL2-SEL3
W ATOX—
ANDS53
A8Z
1101 1102 NS5
INTY WL3-SEL3
‘_
ABX AND54
A9X )
Az — WL4-SEL3
ﬁgi ANDS55
ROX. WL5-SEL3
| AND56
RS2
N WL6-SEL3
‘_
ﬁg% ANDS57
AL, WL7-SEL3

WL-TIM3



U.S. Patent Jul. 26, 2016 Sheet 5 of 17 US 9,401,192 B2

FIG. bA
103
FF33 FF31 FF32
AND31 S WL-TIM3 s WL-TIM']_S WL-TIM2
Q- Q- Q—
[31 R R R
t1 l WL-rst
t2
ce——foBoBog-Ro-fox
[32 133 134 I35 136
t1 t2
FIG. 5B
FF (FF31 T0 FF33)
NAND311
S * NAND312
Q
I311
1312 [313
R o
B [E [3 : NAND322
[321
1329 1323 “NAND321
FIG. 5C
ICE | |
t1 _} |_

2 | L
WL-rst ,—|_
WL-TIM1 | L
WL-TIM2 | B

WL-TIM3 _| B



U.S. Patent Jul. 26, 2016 Sheet 6 of 17 US 9,401,192 B2
FIG. 6
/CE _\ /[
/OE \ / !
/WE — Y
- ADDRESS >
DQ —— L urPuT_ 7 o
WL-SEL1__i/ N
WL-SEL2 P12 | \
WL-SEL3 __, udl  =—P13
P11 : E / R~
VO i Viw  \ V0

PL — S

BL

STR '
WRITE “0” WRITE “1~



US 9,401,192 B2

Sheet 7 of 17

Jul. 26, 2016

U.S. Patent

N g
SENANT 4 )
_ ano 0
| a1\ €13SIM  LEFTM
P M a/
9IS LIN O /J ENIL-TM
) STR rZ — “ 0LV 0L 8Y
N - SISSTUAAY
| A e B
g 173STM
030-1d v I eel I
LT
cHim ZNLL-TM
NI o1y o1 ov LLFTM Z1v o1 v s3ssaav
SISV cosam _
| 4300030 1T AV | \/\DH 0¥ SSHaQy
P, 1030 TM

v0l

-

4300930 NI m_xoi

~

S Y




U.S. Patent Jul. 26, 2016 Sheet 8 of 17 US 9,401,192 B2

FIG. 8

/CE —\ LCT /

JOE—\ i

/WE ™ \

¢ ADDRESS >

DQ——_L OutPUT {5
WL-SEL1__/ | \_
WL-SEL2 ! P22 ! \

WL-SEL3 ; E/ P23 _;"~—"V23
._/‘:'> i A 5
P21—T| = V77 N

: ' R~ P
VOMVM T e

WL __ ; ~vrw'
P
i i BL
BL __ /3%\
STR
STR ~

P25



U.S. Patent Jul. 26, 2016 Sheet 9 of 17 US 9,401,192 B2

FIG. 9
/ICE
|
JOE — .
/WE ~— \
4 . ADDRESS >
DQ wmm
WL-SEL1__/ \_;;a_/ \_
WL-SEL2 4/—\_5; / \
WL-SEL3 v

pL J__/:\\!HP—/JJ “\pp1

STR | WRITE "0” WRITE “1”




U.S. Patent Jul. 26, 2016 Sheet 10 of 17 US 9,401,192 B2

FIG. 10A
OR1 OR2 103
FF1B WL-TIM1 WL-TIM2
- 2 FF2B~) ~ FF3
QS QS OS A WL-
Q Q QfF
RMWL- | [RM- | R TIM3
[ |TiM1B| [ [TIM2B| ]
tend—— \
AND1A $—S s
RQ -E/VVL- R Q -E'\ WL-rstb
[ I TIM1A B wi-
TIM2A
ICE tend
15 18
FF1A FF2a Weersta
FIG. 10B
/CE —} |
t1 ] L
t2 T .
t3 ] |
tend \ -
WL-TIIM1A _
WL-TIM2A L
WL-rsta 4 L
WL-TIM1B L
WL-TIM2B
WL-TIM3 L

] WL-rsth [




U.S. Patent Jul. 26, 2016 Sheet 11 of 17 US 9,401,192 B2

FIG. 11
FF1B WL-TIM1 WL-TIM2
N FF2B-N — FF3
AND1B -GS ds s | wi.
OR3 QR Q L~ QF
130 ( R_[™wL- R | WL- R | TIM3
I [TM1B| ] [TIM2B| ]
/ tend— i\< 'L\
WL-rstb S S
DT L RQ VVVL- RQ X~ WL-rstb
([ TIMIA|\ ] -
I ) TIM2A
FF

1 2 13 t1

TIME DETERMINATION SIGNAL WL-rsta

GENERATION CIRCUIT

FIG. 12

-
w
o

/CE DT

1131 1132
1133 135

AND130



U.S. Patent Jul. 26, 2016 Sheet 12 of 17 US 9,401,192 B2

FIG. 13A

[*/CE=L"-PERIOD IS SHORTER THAN “DT=H”-PERIOD]

/CE \ [
tend \ /
DT \
WL-rsta’

FIG. 13B

[“/CE=L"-PERIOD IS LONGER THAN “DT=H”-PERIOD]

/CE _\
tend —\ |
e —

WL-rsta' | |

Y




U.S. Patent Jul. 26, 2016 Sheet 13 of 17 US 9,401,192 B2

FIG. 14
130 150
4 WORD LINE DECODER )
MONITORING CIRCUIT
WL-TIM1

WL-TIM2
WL-I11
WL-121 ‘\’/V[%EI)Q
WL-122
IL
WL-SEL2
M2 i
W vop— Uf oo
WL-[32 T Cl = s
CO— \
|| Vo
MO

310 | | ~— VTG
GND WLSSEL3 kP\ WL
- re-

gy VPP N /

1 CS

’,_/

R32 { 300

! SW * \/>—DT
R33\ v -

GND



U.S. Patent Jul. 26, 2016 Sheet 14 of 17 US 9,401,192 B2

FIG. 15

["/CE=L"-PERIOD IS SHORTER THAN "DT=H"-PERIOD]

<SH0RT>I
/CE | | i
o _J | gl
2 — =
3 | _J | .
tend ™ \ i | —
DT —! ' L
WL-TIM1A__| L
WL-TIM2A __ | L
WL-rsta'l —

WL-TIM1B ] |
WL-TIM2B L
WL-TIM3 L

— WL-rstb ———




U.S. Patent Jul. 26, 2016 Sheet 15 of 17 US 9,401,192 B2
FIG. 16
/CE '\ /
JOE [
/WE —] \
ADDRESS S
DQ —m
WL-SEL1 i/ , \
WL-SEL2 | i \
| P12 |
WL-SELS_/L wa E/YI’\/F:I/E
Py =~z i Vi3 P14
VTG Y™~y ¥ =
VoL Y | \_ Vo

|:>|__§_/—\

BL _ e

STR < WRITE 0" >< WRITE “1” >



U.S. Patent Jul. 26, 2016 Sheet 16 of 17 US 9,401,192 B2

FIG. 17

[*/CE=L"-PERIOD IS LONGER THAN “DT=H"-PERIOD]

: LCT : i
/CE —] : |

1 ] : E L
2 ] i i L
t3 ] ! ! L
tend i L i —
H _
DT _| _<LONG>

WL-TIM1A ] |
WL-TIM2A | L
— WL-rsta’ —— ——

WL-TIM1B ] |
WL-TIM2B A L

WL-TIM3 L
— WL-rsto ———




U.S. Patent Jul. 26, 2016 Sheet 17 of 17 US 9,401,192 B2

FIG. 18
JCE ™\ LCT/ 4
JOE ™\ .
WE | \_
< ADDRESS ),
DQWI H lNPU
WL-SEL1 / \_;,__/ W
WL-SEL2 [ / \
WL-SEL3 § (N
PL_,_/—\
STR WRITE 0" § WRITE 1"
FIG. 19
=<
5 LL2
(e
3
S
e
5
2
)
LL1
100K 1M 10M

FREQUENCGY [Hz]



US 9,401,192 B2

1
FERROELECTRIC MEMORY DEVICE AND
TIMING CIRCUIT TO CONTROL THE
BOOST LEVEL OF A WORD LINE

CROSS-REFERENCE TO RELATED
APPLICATION

This application is based upon and claims the benefit of
priority of the prior Japanese Patent Application No. 2013-
216500, filed on Oct. 17, 2013, the entire contents of which
are incorporated herein by reference.

FIELD

The embodiments discussed herein are related to a semi-
conductor memory device.

BACKGROUND

For semiconductor memory devices, cost reduction by fine
processing has accelerated with an advance in semiconductor
manufacturing processes and decreasing parasitic capaci-
tance due to shrinkage in dimensions has further led to a
reduction in consumption current.

However, as miniaturization in semiconductor manufac-
turing processes advances channel length of a transistor short-
ens, causing an increase in an off-state current of the transis-
tor.

Semiconductor memory devices such as a DRAM (Dy-
namic Random Access Memory) and FeRAM (Ferroelectric
Random Access Memory: FRAM (a registered trademark))
of recent years, for example, are configured to access a pre-
determined memory cell by boosting the level of a word line
in a plurality of steps.

In this way, semiconductor memory devices such as an
FeRAM ofrecent years, for example, access a predetermined
memory cell by boosting the level of a word line in a plurality
of steps. Moreover, as miniaturization in semiconductor
manufacturing processes advances, channel length of a tran-
sistor shortens, leading an increase in an off-state current.

Therefore, when the level of a word line is boosted, for
example, because a leakage current through a transistor con-
trolling the boost increases, it becomes difficult to boost the
level of the word line sufficiently. There is a possibility that
this phenomenon takes place when, for example, a period
from a time at which a CPU controlling a semiconductor
memory device outputs a read command to the semiconduc-
tor memory device to a time at which the CPU outputs a
succeeding write command is long.

In the past, various semiconductor memory devices which
carry out a memory access by boosting the level of a word line
have been proposed.
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Patent Document 9: Japanese Laid-open Patent Publica-
tion No. 2004-079124

SUMMARY

According to an aspect of the embodiments, a semiconduc-
tor memory device, including a memory cell array, a word line
decoder, a time determination signal generation circuit, and a
timing circuit is provided.

The memory cell array is configured to include a plurality
of memory cells, and the word line decoder is configured to
control selection and a voltage level of a word line connected
to each of the memory cells.

The time determination signal generation circuit is config-
ured to generate a time determination signal indicating a
determination time, the determination time being a reference
by which a change in a command is determined, and the
timing circuit is configured to determine the change in the
command from the time determination signal and generate a
control signal which controls whether or not a selected word
line is pre-charged.

The object and advantages of the invention will be realized
and attained by means of the elements and combinations
particularly pointed out in the claims.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the invention.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is a diagram describing transistor characteristics
associated with miniaturization in semiconductor manufac-
turing processes;

FIG. 2 is a block diagram illustrating an overall configu-
ration of an example of a semiconductor memory device;

FIG. 3 is a circuit diagram illustrating a portion of the
semiconductor memory device illustrated in FIG. 2;

FIG. 4 is a circuit diagram illustrating a portion of a word
line decoder illustrated in FIG. 3;

FIG. 5A is a circuit diagram illustrating a configuration
example of a timing circuit in the semiconductor memory
device illustrated in FIG. 2;

FIG. 5B is a circuit diagram illustrating an example of a
flip-flop in the timing circuit illustrated in FIG. 5A;

FIG. 5C is a waveform chart describing an operation of the
timing circuit illustrated in FIG. 5A;

FIG. 6 is a waveform chart describing an operation of an
example of the semiconductor memory device;

FIG. 7 is a diagram describing a problem in a portion of the
semiconductor memory device illustrated in FIG. 3;

FIG. 8 is a waveform chart describing an operation of the
semiconductor memory device when the problem described
with reference to FIG. 7 takes place;

FIG. 9 is a diagram describing a method to solve the prob-
lem described with reference to FIGS. 7 and 8;

FIG. 10A is a diagram describing an example of the semi-
conductor memory device which carries out the solution
method of the problem described with reference to FIG. 9 and
a circuit diagram illustrating a configuration example of the
timing circuit;

FIG. 10B is a waveform chart describing an operation of
the timing circuit illustrated in FIG. 10A;

FIG. 11 is a circuit diagram illustrating a main portion of
the semiconductor memory device according to the embodi-
ment;

FIG. 12 is a circuit diagram illustrating an example of a
time determination signal generation circuit;
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FIG.13Ais a simplified waveform chart for a case in which
the time determination signal generation circuit illustrated in
FIG. 12 is applied (a case in which a cycle time is shorter than
a predetermined determination time);

FIG.13B is a simplified waveform chart for a case in which
the time determination signal generation circuit illustrated in
FIG. 12 is applied (a case in which a cycle time is longer than
a predetermined determination time);

FIG. 14 is a circuit diagram illustrating another example of
the time determination signal generation circuit;

FIG. 15 is a waveform chart describing an operation of the
semiconductor memory device for a case in which a cycle
time is shorter than a predetermined determination time;

FIG. 16 is a waveform chart describing an operation of the
semiconductor memory device for the case illustrated in FIG.
15;

FIG. 17 is a waveform chart describing an operation of the
semiconductor memory device for a case in which a cycle
time is longer than a predetermined determination time;

FIG. 18 is a waveform chart describing an operation of the
semiconductor memory device for the case illustrated in FIG.
17; and

FIG. 19 is a diagram describing a reduction in power con-
sumption by the semiconductor memory device according to
the embodiment.

DESCRIPTION OF EMBODIMENTS

First, before a semiconductor memory device according to
the embodiment is described in detail, an example of a semi-
conductor memory device and a problem thercof are
described referring to FIGS. 1 to 10B.

FIG. 1 is a diagram to describe transistor characteristics
associated with miniaturization in semiconductor manufac-
turing processes, illustrating a drain current 1D [A] with
respect to a gate voltage (gate-source voltage) VG [V] of an
n-channel type MOS (nMOS) transistor in a logarithmic
expression (log).

InFIG. 1, areference symbol [.1 refers to characteristics of
an nMOS transistor manufactured by an old process and [.2
refers to characteristics of an nMOS transistor manufactured
by a new process in which miniaturization has advanced
further than the old process.

As clearly illustrated in the comparison between the char-
acteristics 1.2 and characteristics L1, in a region where the
gate voltage VG is lower than or equal to a threshold voltage
Vth, for example, it is found that a drain current ID12 by the
new semiconductor manufacturing process is much larger
than a drain current ID11 by the old semiconductor manufac-
turing process.

In other words, when miniaturization in the semiconductor
manufacturing process advances, channel length of a transis-
tor shortens, causing an increase in an oft-state current, i.e., an
increase in a leakage current, through the transistor.

FIG. 2 is a block diagram illustrating an overall configu-
ration of an example of the semiconductor memory device,
illustrating an overall configuration of an FeRAM (ferroelec-
tric memory: Ferroelectric Random Access Memory: FRAM
(a registered trademark)).

AnFeRAM is a nonvolatile semiconductor memory device
in which positive and negative spontaneous polarization is
associated with data “1”” and “0”, respectively, by using hys-
teresis of a ferroelectric. Although an FeRAM is described as
an example of a semiconductor memory device in this disclo-
sure, applications of this embodiment described later are not
limited to FeRAMs.
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As illustrated in FIG. 2, the FeRAM 100 includes a
memory cell array 101, command control circuit 102, timing
circuit 103, plate line decoder 104, word line decoder 105, 1/O
control circuit 106, column line decoder 107, and bit line
amplifier 108.

The memory cell array 101 includes, for example, a plu-
rality of memory cells MC arranged in a matrix, each of which
is individually connected to a word line WL, bit line BL,, and
plate line PL.. The memory cell MC is, for example, a 1T1C-
type ferroelectric memory cell, which contains a transistor
and a capacitor.

The command control circuit 102 receives commands such
as, for example, a chip enable signal /CE, output enable signal
/OE, and write enable signal /WE and controls the timing
circuit 103 and I/O (input and output) control circuit 106.

In other words, by setting the chip enable signal /CE and
output enable signal /OE to a low level “L”, a data read
operation from a selected memory cell MC is carried out.
Moreover, by setting the chip enable signal /CE and write
enable signal /WE to a high level “H” from “L.”, a data write
operation to a selected memory cell MC is carried out.

The timing circuit 103, in response to a read command or
write command, generates a timing to raise (Charge) or lower
(Pre-charge) the potentials of a selected word line WL and
plate line PL.. The timing circuit 103 also generates timing for
acircuitin the bit line amplifier 108 to carry out amplification.

Reference symbols A0 to A16 refer to address signals input
from the outside and a predetermined memory cell MC in the
memory cell array 101 inthe FeRAM 100 is accessed by these
address signals A0 to A16.

The address signals A0 to A16 are divided into row address
signals A0 to A10, which are input to the plate line decoder
104 and word line decoder 105, and column address signals
A1l1 to A16, which are input to the column line decoder (bit
line decoder) 107.

The plate line decoder 104 and word line decoder 105
control selection of plate lines PL# and word lines WL#by the
row address signals A0 to A10. The column line decoder 107
controls selection of bit lines BL# by the column address
signals A11 to A16.

Specifically, in the example in FIG. 2, by the row address
signals A0 to A10, a plate line PL. and word line WL are
selected out of 2048 plate lines PL. and word lines WL,
respectively, via the plate line decoder 104 and word line
decoder 105.

Further, by the column address signals A11 to A16, a bit
line amplifier (108) is selected out of 64 bit line amplifiers
(108), via the column line decoder 107. In the example in FIG.
2, the memory cell array 101 includes 2*7 (128 k bits) memory
cells MC, out of which a predetermined memory cell for one
bit is selected.

The bit line amplifier 108 is a circuit to amplify a signal on
a bit line BL connected to the memory cell MC. A reference
symbol DQ refers to a data signal read out from the memory
cell array 101 and a data signal written to the memory cell
array 101.

In other words, the I/O control circuit 106, according to an
output signal from the command control circuit 102, carries
out control to write data (DQ), which are input from the
outside, to a predetermined memory cell MC in the memory
cell array 101 or to output data (DQ), which are read out from
a predetermined memory cell, to the outside.

FIG. 3 is a circuit diagram illustrating a portion of the
semiconductor memory device illustrated in FIG. 2, and illus-
trates the plate line decoder 104, word line decoder 105, and
memory cell MC of the FeRAM in FIG. 2. Although, in FIG.
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3, the transistors M0 to M3 and TR are illustrated as nMOS
transistors, the configuration is not limited to an nMOS tran-
sistor.

As illustrated in FIG. 3, the memory cell MC is formed as
an FeRAM cell which contains a transistor TR and ferroelec-
tric capacitor C. One end of the capacitor C is connected to the
plate line PL. and the other end of the capacitor C is connected
to the source of the transistor TR. The gate of the transistor TR
is connected to the word line WL and the drain of the transis-
tor TR is connected to the bit line BL.

Writing of data “1” and “0” to the memory cell MC is
carried out by, for example, applying a potential difference of
+VDD or -VDD to both terminals of the ferroelectric capaci-
tor C.

In this disclosure, when data “1” is written to the memory
cell MC, for example, the bit line BL is set to a power supply
potential (VDD) and the plate line PL is set to a ground
potential (GND: e.g. 0 V). When data “0” is written to the
memory cell MC, for example, the bit line BL is set to GND
and the plate line PL is set to VDD.

Data after writing are maintained even after the selected
word line WL transitions to a non-selected state (i.e., the
transistor TR is turned off) and becomes non-volatile data. In
other words, data “1” and “0” are maintained by remanence
onthe ferroelectric capacitor C after applied voltage thereto is
taken away.

The plate line decoder 104 includes a decoder circuit PL-
DEC, which receives the address signals (row addresses) A0
to A10 and a control signal PL-TIM from the timing circuit
103, and two-staged inverters PL-111 and PL-I12 installed at
the output of the decoder circuit PL-DEC. The output of the
decoder circuit PL-DEC is input to one end of the capacitor C
in the memory cell MC as a plate signal on the plate line PL.
via the two-staged inverters PL-111 and PL-112.

The word line decoder 105 includes three decoder circuits
WL-DEC1, WL-DEC2, and WL-DEC3, which receive
address signals and control signals from the timing circuit
103, respectively. The decoder circuit WL-DEC1 receives the
address signal A0 and a control signal WL-TIM1. The output
of the decoder circuit WL-DECI1 is input to the drain of a
transistor M3 via two-staged inverters WL-111 and WL-I12.

To the gate of the transistor M3, a power supply voltage
VDD is applied and the source of the transistor M3 is con-
nected to the gate of a transistor (transfer gate transistor to the
word line WL) MO0. Between the gate and source (i.e.,
between the source of the transistor M3 and a pre-word line
Pre-WL) ofthe transistor M0, parasitic capacitance C1 exists.
A reference symbol VTG refers to a gate voltage of the
transistor MO0.

The output of the decoder circuit WL-DEC1 is inverted by
the inverter WL-I11 and also input to the gate of a pull-down
transistor M1. The source of the transistor M1 is grounded
(GND) and the drain of the transistor M1 is connected to the
word line WL.

The decoder circuit WL-DEC2 receives the address signals
Al to A7 and a control signal WL-TIM2. The output of the
decoder circuit WL-DEC2 is, via two-staged inverters WL-
121 and WL-122, input to the drain of a transistor M2. To the
gate of the transistor M2, VDD is applied and the source of the
transistor M2 is connected to the pre-word line Pre-WL.

The decoder circuit WL-DEC3 receives the address signals
A8 to A10 and a control signal WL-TIM3. The output of the
decoder circuit WL-DEC3 is, via two-staged inverters WL-
131 and WL-132, input to one end of a capacitor C0. The other
end of the capacitor C0 is connected to the source of the
transistor M2 and the source of the transistor M0, i.e., the
pre-word line Pre-WL.

10

20

25

40

45

50

55

60

6

The outputs of the decoder circuits WL-DEC1, WL-DEC2,
and WL-DEC3 are, via the two-staged inverter pairs WL-111
and WL-112, WL-121 and WL-122, and WL-I31 and WL-132,
output as selection signals WL-SEL1, WL-SEL2, and WL-
SEL3, respectively.

Although, in FIG. 3, the plate line decoder 104 and word
line decoder 105 connected to a memory cell MC are illus-
trated, in an actual circuit, for example, a plurality of similar
circuits are installed for a plurality of memory cells MC
arranged in a matrix.

As described above, the plate line decoder 104 and word
line decoder 105 respectively input and decode control sig-
nals from the timing circuit 103 and address signals and select
a memory cell MC connected to a predetermined word line
WL and plate line PL.

The three decoder circuits WL-DEC1, WL-DEC2, and
WL-DEC3 in the word line decoder 105 input and decode
control signals from the timing circuit 103 and address sig-
nals and select a predetermined word line WL. In other words,
the word line decoder 105 selects a corresponding word line
WL based on read commands or write commands input to the
timing circuit 103.

As described above, the word line WL is connected to the
gate of the transistor (cell transistor) TR in the memory cell
MC and, when a read operation is carried out, selecting the
plate line PL. makes the capacitance of the capacitor C in the
memory cell MC transmitted to the bit line BL.

In this operation, because a voltage at the interconnection
node of the transistor TR and capacitor C (storage voltage
STR) is lower than a generally-used power supply voltage
VDD, the voltage is transmitted to the bit line BL. sufficiently
even when the voltage of the word line WL (gate voltage of
the transistor TR) is equal to VDD.

When a write operation is carried out, the plate line PL is in
the non-selected state (ground potential GND) and the bit line
BL rises to VDD when data “1” is written. When data “0” is
written, the bit line BL falls to the ground potential (GND).

When data “1” is written, although the word line WL is in
the selected state, the gate voltage of the transistor TR is
boosted higher than VDD by, for example, the threshold
voltage Vth or more in order to transmit a potential of VDD on
the bit line BL as the storage voltage STR.

Accordingly, the three decoder circuits WL-DEC1, WL-
DEC2, and WL-DEC3 in the word line decoder 105 generate
a boosted voltage, which is used when data “1” is written, on
the word line WL (at the gate of the transistor TR). Such
boosted voltage is not limited to an FeRAM but is also used in
other various semiconductor memory devices, including a
DRAM.

FIG. 4 is a circuit diagram illustrating a portion of the word
line decoder illustrated in FIG. 3 and illustrates an example of
the decoder circuit WL-DEC3 which receives the address
signals A8 to A10 and the control signal WL-TIM3 from the
timing circuit 103 and generates selection signals WL-SEL3
(WLO0-SEL3 to WL7-SEL3).

As illustrated in FIG. 4, the decoder circuit WL-DEC3
includes two-staged inverter pairs 181 and 182, 191 and 192,
and 1101 and 1102, which receive the address signals A8 to
A10, respectively, and eight 4-input NAND gates NAND5S0
to NANDS7, which receive an output from each inverter and
the control signal WL-TIM3.

Outputs A8X, A9X, and A10X of the first stage inverters
181, 191, and 1101 are logical inversion signals of the address
signals A8 to A10 and the outputs A8Z, A9Z, and A10Z of the
second stage inverters 182, 192, and 1102 are signals of the
same logic as the address signal A8 to A10.
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To each of the NAND gates NANDS50 to NAND57, logical
inversion and non-inversion signals of the address signals A8
to A10 and the control signal WL-TIM3 are input. When the
control signal WL-TIM3 is “H”, the selection signals WL0-
SEL3 to WL7-SEL3 corresponding to the address signals are
output.

In other words, the selection signals WL-SEL3 (WLO0-
SEL3 to WL7-SEL3) are generated based on the address
signals A8 to A10 and the control signal WL-TIM3 from the
timing circuit 103. The other word line decoders WL-DEC1
and WL-DEC2 and the plate line decoder PL-DEC have
similar configurations to the configuration of the word line
decoder WL-DEC3 illustrated in FIG. 4 although there are
differences in the number of bits and the control signals.

FIGS. 5A to 5C are diagrams to describe an example of the
timing circuit in the semiconductor memory device illus-
trated in FIG. 2. FIG. 5A is a circuit diagram illustrating a
configuration example of the timing circuit 103 in the semi-
conductor memory device illustrated in FIG. 2. FIG. 5B is a
circuit diagram illustrating an example of a flip-flop FF in the
timing circuit 103 illustrated in FIG. 5A. FIG. 5C is a wave-
form chart to describe an operation of the timing circuit 103
illustrated in FIG. 5A.

As illustrated in FIG. 5A, the timing circuit 103 includes
SR flip-flops FF31 to FF33, an AND gate AND31, and invert-
ers 131to 136 and, to the first stage inverter 132 of the cascaded
inverters 132 to 136, the chip enable signal /CE is input.

To one input of the AND gate AND31, a signal t1, which is
logically inverted by the inverters, is input, and, to the other
input of'the AND gate AND31, a signal t2 is input. The signal
t1 is an output signal of the inverter 134, and the signal t2 is an
output signal of the last stage inverter 136.

To the set terminal (S) of the flip-flop FF33, the chip enable
signal /CE is input as it is, to the set terminal of the flip-flop
FF31, the signal t1 is input, and, to the set terminal of the
flip-flop FF32, the signal 12 is input. To the reset terminal (R)
of'each ofthe flip-flops FF31 to FF33, an output signal (a reset
signal of the word line WL) WL-rst of the AND gate AND31
is input.

As illustrated in FI1G. 5B, each of the flip-flops FF (FF31 to
FF33) includes NAND gates NAND311, NAND312,
NAND321, and NAND322 and inverters 1311 to 1313 and
1321 to 1323.

The NAND gates NAND312 and NAND322 form a latch,
in which an input of one NAND gate and the output of the
other NAND gate are cross-connected. To the other input of
the NAND gate NAND312, the output signal of the NAND
gate NAND311 is input, and, to the other input of the NAND
gate NAND322, the output signal of the NAND gate
NAND321 is input.

The cascaded inverters, i.e., the inverters 132 to 136,1311 to
1313, and 1321 to 1323 are used to provide a delay time and
have a structure such that, by, for example, lengthening the
channel length of a transistor or the like, the driving capability
of the transistor is decreased.

The set terminal of the flip-flop FF is connected to one
input of the NAND gate NAND311 and is also connected to
the input of the first stage inverter 1311 of the odd-number-
staged (three stages in FIG. 5B) inverters 1311 to 1313. To the
other input of the NAND gate NAND311, the output of the
last stage inverter 1313 of the inverters 1311 to 1313 is con-
nected.

Similarly, the reset terminal of the flip-flop FF is connected
to one input of the NAND gate NAND321 and is also con-
nected to the input of the first stage inverter 1321 of the
odd-number-staged (three stages) inverters 1321 to 1323. To
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the other input of the NAND gate NAND321, the output of the
last stage inverter 1323 of the inverters 1321 to 1323 is con-
nected.

With the above configuration, as illustrated in FIG. 5C,
after the chip enable signal /CE is activated and falls from “H”
to “L”, the signal t1 and signal t2 sequentially rise from “L” to
“H” at delayed timings.

Then, the SR flip-flops FF31 to FF33 output the signals
(control signals) WL-TIM1, WL-TIM2, and WL-TIM3 that
sequentially rise from “L” to “H”, respectively. All of these
signals WL-TIM1, WL-TIM2, and WL-TIM3 are reset by
falling from “H” to “L” when the word line reset signal
(output signal of the AND gate AND31) WL-rst changes from
“L” to “H”.

FIG. 6 is a waveform chart to describe an operation of an
example ofthe semiconductor memory device and to describe
an example of an operation of the FeRAM (ferroelectric
memory). In the example illustrated in FIG. 6, data “0” is
written to all memory cells MC first, and then, data “1” is
written to predetermined memory cells MC to which data “1”
has to be written.

In other words, as illustrated in FIG. 6, by changing the
chip enable signal /CE from the high level “H” to the low level
“L” (/CE=L) first, the semiconductor memory device (Fe-
RAM) starts the operation. At the same time, a read command
is generated by changing the output enable signal /OE from
“H”to “L.”, and with this command, data from the capacitor C
in the memory cell MC (storage voltage STR) are read out.
Then, by changing the write enable signal /WE from “H” to
“L”, a write command is recognized.

Next, by using a rising edge from “L” to “H” of the write
enable signal /WE, data DQ are fetched, and, by using a rising
edge from “L” to “H” of the chip enable signal /CE, a write
operation is started.

When data are read, the word line WL is raised to the power
supply potential (VDD). At this timing, the selection signals
WL-SEL1 and WL-SEL2 are sequentially raised from “L.”’ to
“H” (refer to P11 and P12 in FIG. 6).

In other words, as described with reference to FIG. 3, when
the selection signal WL-SEL1 is raised from “L” to “H”, the
gate voltage VTG of the transfer gate transistor M0 on the
word line WL is boosted from V0 to V11 (P11) via the
transistor M3. Although the gate of the transistor M0 has a
potential lower than VDD because the gate of the transistor
M3 has a potential of VDD, the transistor M0 turns on.

Next, when the selection signal WL-SEL2 is raised from
“L”to “H”, the level of the pre-word line Pre-WL rises via the
transistor M2.

At this time, because the parasitic capacitance C1 exists
between the gate of the transistor M0 and the pre-word line
Pre-WL (the source of the transistor M0), the gate voltage
VTG of the transistor M0 is boosted further from V11 to V12
by electrical charges coupled to the parasitic capacitance C1
(P12).

In other words, the gate voltage VTG of the transistor M0
becomes higher than VDD, making it possible that the tran-
sistor M0 transmits the voltage of the pre-word line Pre-WL
to the word line WL.

Finally, the selection signal WL-SEL3 is raised from “L.”’ to
“H” (refer to P13 in FIG. 6). The output of the inverter
WL-132, from which the selection signal WL-SEL3 is output,
is connected to the pre-word line Pre-WL via a capacitor C0.
With this configuration, electrical charges stored in the
capacitor C0 are transferred to the pre-word line Pre-WL,
causing the potential on the pre-word line Pre-WL to be much
higher than VDD.
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The potential of this pre-word line Pre-WL also reaches the
parasitic capacitance C1, the gate voltage VTG of the transis-
tor MO0 is boosted from V12 to a much higher V13 (P13), and
a potential higher than VDD on the pre-word line Pre-WL is
transmitted to the word line WL via the transistor M0. With
this configuration, it becomes possible to boost the level of the
word line WL to a voltage Vrw, which is sufficiently higher
than VDD (higher than or equal to the threshold voltage Vth
of the transistor TR).

Because electrical charges flow out to the power supply
side when the gate voltage VTG of the transistor M0 becomes
higher than the threshold voltage (Vth) of the transistor M3,
the gate voltage VTG of the transistor M0 does not become
higher than the threshold voltage of the transistor M3.

As described above with reference to FIG. 5C, when, for
example, all control signals (WL-TIM1, WL-TIM2, and WL-
TIM3), which change according to the word line reset signal
(WL-rst), fall from “H” to “L”, all the selection signals WL-
SEL1 to WL-SEL3 also fall from “H” to “L”” (P14). With this
change, the gate voltage VTG of the transistor M0 returns to
the original V0.

FIG.7 is a diagram to describe a problem in a portion of the
semiconductor memory device illustrated in FIG. 3 and illus-
trates a similar configuration to the configurationin FIG. 3. As
described above, as miniaturization in the semiconductor
manufacturing process advances, channel length of a transis-
tor, for example, becomes short, causing an off-state current
of the transistor to increase.

In other words, even when a transistor is in the off-state
with the gate voltage of the transistor being lower than or
equal to the threshold voltage (Vth) of the transistor, a con-
siderable amount of off-state current (a current between the
source and the drain) flows.

In particular, when a current between the source and drain
(leakage current) IL, of the transistor M3 in FIG. 7 increases,
electrical charges coupled to the capacitor (parasitic capaci-
tance) C1 flow out to the power supply side of the inverter
WL-I12, causing the gate voltage VTG of the transistor M0 to
decrease. This phenomenon takes place when, for example,
an interval between a read command and a succeeding write
command is long (e.g. on the order of several hundred nsec to
several [isec).

Specifically, for example, a case in which a system includes
a first memory chip and a second memory chip, an access to
the second memory chip is carried out after a read command
is output to the first memory chip, and then a write command
to the first memory chip is output corresponds to the above
condition.

Alternatively, for example, a case in which it takes approxi-
mately several pusec for a CPU to output a read command to a
memory (FeRAM), to accesses other peripheral circuits, and
to output a write command to the memory also corresponds to
the above condition. These cases may take place on a com-
monly-used system frequently.

FIG. 8 is a waveform chart to describe an operation of the
semiconductor memory device when the problem described
with reference to FIG. 7 takes place and illustrates, for
example, a case in which the gate voltage VTG of the tran-
sistor M0 decreases due to a leakage current IL through the
transistor M3. In other words, FIG. 8 illustrates each signal
waveform for a case in which, for example, a write command
is output when a long cycle time LCT has passed after a read
command is output.

As illustrated in FIG. 8, when the chip enable signal /CE
and output enable signal /OE is lowered from “H” to “L”, the
selection signals WL-SEL1 and WL-SEL2 sequentially rise
from “L” to “H”. With this operation, the gate voltage VTG of
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the transfer gate transistor M0 is boosted from V0 to V21 to
V22 in incremental steps (refer to P21 and P22 in FIG. 8).
This operation is similar to the operation described above
with reference to FIG. 6.

However, when this state holds long (long cycle time LCT),
due to, for example, a leakage current IL through the transis-
tor M3, the gate voltage VTG of the transistor M0, as illus-
trated, for example, by P24 in FIG. 8, decreases from V22 to
V23' gradually.

Therefore, as illustrated by P23 in FIG. 8, even when the
selection signal WL-SEL3J is raised from “L” to “H”, it is
difficult to boost the gate voltage VTG of the transistor M0 up
to a sufficient voltage V23 to turn on the transistor M.

Furthermore, it also becomes difficult to boost the level of
the word line WL up to the sufficient voltage Vrw to turn on
and write data “1” to the transistor TR in the memory cell MC.
In other words, the potential of the word line WL may be
boosted up to Vrw' and it becomes difficult, for example, to
turn on and write data 1> to the transistor TR in the memory
cell MC.

If writing to the memory cell MC is insufficient, i.e., the
ferroelectric capacitor C is not sufficiently polarized, a pre-
determined amount of electrical charges does not come out on
the bit line BL,, causing, for example, a reading failure.

FIG. 9 is a diagram to describe a solution method for the
problem described above with reference to FIGS. 7 and 8. As
illustrated in FIG. 9, a possible solution to the problem
described above with reference to FIGS. 7 and 8 is, for
example, that the word line WL is pre-charged (the level of the
word line WL is lowered) at the same time as a read operation
ends.

As illustrated by PPO in FIG. 9, when reading ends, the
word line WL is lowered to the pre-charge level. Then, as
illustrated by PP1 in FIG. 9, when the next writing starts, by
raising the word line WL again, the effect of the leakage
current IL through the transistor M3 is lessened.

In other words, before the potential of the gate voltage VGT
of the transistor M0 decreases due to a leakage current IL.
through the transistor M3, boost processing of the word line
WL is ended once. By starting boost processing of the word
line WL again when the next write command is output, the
level of the word line WL is raised to the sufficient voltage
Vrw to turn on and write data “1” to the transistor TR in the
memory cell MC and, then, write processing is carried out.

FIGS. 10A and 10B are diagrams to describe an example of
the semiconductor memory device which implements the
solution method of the problem described above with refer-
ence to FIG. 9. FIG. 10A is a circuit diagram illustrating a
configuration example of the timing circuit 103 and FI1G. 10B
is a waveform chart to describe an operation of the timing
circuit 103 illustrated in FIG. 10A.

As illustrated in FIG. 10A, the timing circuit 103 includes
SR flip-flops FF1A, FF1B, FF2A, FF2B, and FF3, AND gates
AND1A and AND1B, OR gates OR1 and OR2, and inverters
11 to I8.

To the first stage inverter 11 of the cascaded inverters I1 to
18, the chip enable signal /CE is input. In FIG. 10A, to the
inputs of logical inversion of the AND gates AND1A and
AND1B andflip-flops FF1B, FF2B, and FF3, circle marks are
added.

To one input of the AND gate AND1A and one inverted
input of the AND gate ANDI1B, an output signal of the
inverter I1 is input, and to the other inverted input of the AND
gate AND1A and the other input of the AND gate AND1B, an
end signal (delay signal) tend is input. The end signal tend is
an output signal of the last stage inverter I8 and a signal which
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is generated by delaying the chip enable signal /CE and has
the same logic as the chip enable signal.

The output signal of the inverter I1, which is provided to
one inverted input of the AND gate AND1B, may, for
example, be logically inverted by an inverter and provided to
a non-inverted input (positive logic input) of the AND gate
ANDI1B. Alternatively, the chip enable signal /CE may be
provided to the non-inverted input of the AND gate AND1B.
It is needless to say, however, that logic of a signal, logic
gates, and so on may be altered appropriately.

To the set terminal (S) of the flip-flop FF1A and the
inverted set terminal of the flip-flop FF1B, an output signal t1
of the inverter I3 is input, and, to the set terminal of the
flip-flop FF2A and the inverted set terminal of the flip-flop
FF2B, an output signal t2 of the inverter I5 is input. Moreover,
to the inverted set terminal of the flip-flop FF3, an output
signal t3 of the inverter 17 is input.

Anoutput signal WL-rsta of the AND gate AND1A is input
to the reset terminals (R) of the flip-flops FF1A and FF2A,
and an output signal WL-rstb of the AND gate ANDI1B is
input to the reset terminals of the flip-flops FF1B, FF2B, and
FF3.

The outputs (Q) of the flip-flops FF1A and FF1B are input
to the OR gate OR1 which takes a logical sum of them and the
logical sum is output as a control signal WL-TIM1. The
outputs of flip-flops FF2A and FF2B are input to the OR gate
OR2 which takes a logical sum of them and the logical sum is
output as a control signal WL-TIM2. Moreover, the output of
the flip-flop FF3 is output as it is as a control signal WL-
TIM3.

The control signals WL-TIM1, WL-TIM2, and WL-TIM3
from the timing circuit 103 are, as described above with
reference to, for example, FIG. 3, input to the decoder circuits
WL-DEC1, WL-DEC2, and WL-DEC3 in the word line
decoder 105.

As described above, even when an interval between an
output of a read command and an output of a write command
is long, it becomes possible to boost the level of the word line
WL up to the sufficient voltage Vrw to turn on the transistor
TR of the memory cell MC.

However, the method, which is described above with ref-
erence to FIGS. 9, 10A, and 10B, has a new problem that,
because the word line WL is once lowered to the pre-charge
level and is raised again, consumption current increases.

Consumption current Icc is, in general, computed as
Iee=I,xf, where 1, is a current per cycle of a circuit (FeRAM)
and f'is an operating frequency. In other words, the higher a
frequency is, the greater current is consumed, and, the lower
the frequency is, the fewer current is consumed.

In addition, the above-described insufficient writing to a
memory cell MC due to a leakage current IL is, for example,
aphenomenon that takes place when it takes a long cycle time
LCT, a case in which a cycle time is long because a system
carries out other processing (which corresponds to a case in
which an operating frequency is low).

In contrast, in an operation at a high frequency in which
consumption current increases, i.e. a regular operation in
which a cycle time is short, a write operation ends before an
insufficient writing to the memory cell MC due to a leakage
current 1L, takes place.

The semiconductor memory device of the embodiment
will be described in detail below referring to the accompany-
ing drawings. The semiconductor memory device of the
embodiment is, for example, applied to the semiconductor
memory device (FeRAM) with reference to the above-de-
scribed FIGS. 1 to 11. Application of the embodiment is,
however, not limited to an FeRAM (ferroelectric memory)
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but may be carried out for various semiconductor memory
devices, including a DRAM, as described above.

FIG. 11 is a circuit diagram illustrating a main portion of
the semiconductor memory device according to the embodi-
ment, and, specifically, illustrates a configuration of the tim-
ing circuit 103. As illustrated in FIG. 11, in the timing circuit
of the embodiment, the AND gate AND1A in FIG. 10A is
replaced with an AND gate AND1A', which receives a time
determination signal DT by one inverted input, and moreover,
atime determination signal generation circuit 130 and an OR
gate OR3 are added.

Both of two inputs of the AND gate AND1A' are inverted
inputs. To one inverted input of the AND gate AND1A', the
time determination signal DT, which is the output of the time
determination signal generation circuit 130, is input. To the
other inverted input of the AND gate AND1A', an end signal
tend is input.

An output signal of the AND gate AND1A' is not input
directly to the reset terminals (R) of the flip-flops FF1A and
FF2A but is input to the other input of the new OR gate OR3,
to one input of which the output of the AND gate AND1B
(reset signal) WL-rstb is input.

The output of the OR gate OR3 is input to the reset termi-
nals of the flip-flops FF1A and FF2A as a reset signal WL-
rsta’.

The time determination signal DT is a signal to determine
whether or not a low operating frequency makes a cycle time
lengthen (becomes to take a long cycle time LCT) and insuf-
ficient writing to a memory cell MC due to the above-de-
scribed leakage current IL takes place.

Other configurations and signals are similar to the configu-
ration and signals in FIG. 10A and hence will not be
described. The time determination signal generation circuit
130 may be installed outside the timing circuit 103. To the
memory cell MC, for example, a 1T1C-type ferroelectric
memory cell, which contains a transistor and a capacitor, may
be applied.

FIG. 12 is a circuit diagram illustrating an example of the
time determination signal generation circuit. As illustrated in
FIG. 12, the time determination signal generation circuit 130,
which generates the time determination signal DT, is, for
example, installed in the timing circuit 103 and includes a
plurality of inverters 1131 to 1136 and an AND gate AND130.

The inverters 1131 to 1136 are cascaded, the chip enable
signal /CE (command) is input to the input of the first stage
inverter 1131, and the AND gate AND130 receives and takes
a logical product of the output of the first stage inverter 1131
and the output of the last stage inverter 1136.

With this configuration, it is possible to generate the time
determination signal DT that holds “H” for a predetermined
determination time. The number of stages of inverters, logic
of a signal and so on may be altered appropriately, and, in
addition, a delay time may be controlled by, in substitution for
an inverter, changing channel length of a transistor, wiring
width, and so on.

Furthermore, commands to be compared with a predeter-
mined determination time by the time determination signal
DT, for example, are not limited to the chip enable signal /CE
but various commands may be used. It is needless to say that
the time determination signal DT, logic of the commands (e.g.
“DT=H"and “/CE=L"), logic gates of timing circuits, and so
on may be changed in various way.

FIG. 13A is a simplified waveform chart for a case in which
the time determination signal generation circuit illustrated in
FIG. 12 is applied (a case in which a cycle time is shorter than
apredetermined determination time). FIG. 13Bis a simplified
waveform chart for a case in which the time determination
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signal generation circuit illustrated in FIG. 12 is applied (a
case in which a cycle time is longer than a predetermined
determination time).

As illustrated in FIG. 13A, when a cycle time is shorter
than a predetermined determination time, i.e., a period for
which the chip enable signal /CE is set to a low level “L.” is
shorter than a period for which the time determination signal
DT is set to a high level “H”, the processing described above
with reference to FIG. 6 is carried out as it is.

In this processing, because a period when /CE=“L” (an
enable time) is shorter than a period when DT="H" (a prede-
termined determination time), the output of the OR gate OR3
(reset signal WL-rsta') is maintained at “L” and thus the
flip-flops FF1A and FF2A are notreset. In other words, as will
be described in detail with reference to FIGS. 15 and 16, the
circuit in this case is similar to the circuit in FIG. SA and the
processing in FIG. 6 is carried out.

On the other hand, when a cycle time is longer than a
predetermined determination time as illustrated in FIG. 13B,
i.e., a period for which /CE is set to the low level “L” is longer
than a period for which DT is set to the high level “H”, the
processing described above with reference to FIG. 9 is carried
out.

In this processing, because a period when /CE=L" is
longer than a period when DT="H", a pulse of the high level
“H” is generated to the output of the OR gate OR3 (WL-rsta')
at the timing of the time determination signal DT falling from
“H” to “L”.

With this configuration, the flip-flops FF1A and FF2A are
reset, the outputs Q of the flip-flops FF1A and FF2A (WL-
TIM1A and WL-TIM2A) fall from “H” to “L”, the circuit
becomes similar to the circuit in FIG. 10A, and the processing
in FIG. 9 is carried out. Details will be described later with
reference to FIGS. 17 and 18.

As described above, according to the embodiment,
whether or not processing to solve insufficient writing to a
memory cell caused by a leakage current is carried out is
decided by determining whether or not it takes a long cycle
time (LCT) by the time determination signal DT.

In other words, it is possible to carry out a sufficient write
operation while suppressing an increase in consumption cur-
rent by not carrying out a pre-charge of the word line WL
when a period in which /CE=“L” is shorter than a period in
which DT="H" and carrying out a pre-charge of the word line
WL when a period in which /CE=“L" is longer than a period
in which DT="H".

If a time determination signal DT is generated by the time
determination signal generation circuit 130 described above
with reference to FIG. 12, the predetermined determination
time is determined without any relation to the leakage current
1L through the transistor M3 described above with reference
to FIG. 7. For example, when the leakage current IL is large,
there is a possibility that the potential of the gate voltage VIG
of the transfer gate transistor M0 has decreased.

Specifically, a leakage current through a transistor
increases as temperature increases, and a delay time of an
inverter increases (becomes longer) as temperature increases.
In other words, as temperature increases, a period for which
the time determination signal DT is set to a high level “H”
(“DT=H") lengthens, which makes it difficult to decide that it
takes a long cycle time LCT.

FIG. 14 is a circuit diagram illustrating another example of
the time determination signal generation circuit and illus-
trates an example of the time determination signal generation
circuit 130 that generates a time determination signal DT by,
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for example, taking into consideration a change in the leakage
current IL due to the temperature in an environment where the
FeRAM is used or the like.

As illustrated in FIG. 14, the time determination signal
generation circuit 130 includes a word line decoder monitor-
ing circuit 150, in which transistors, similar to transistors in
an actual word line decoder (e.g. the word line decoder 105
illustrated in FIG. 3), are used, a differential amplifier 300 and
a reference voltage generation unit 310.

The word line decoder monitoring circuit 150 is installed
because there is a possibility that the potential of the gate
voltage VTG of the transfer gate transistor M0 in the word line
decoder 105 has decreased.

As apparent from a comparison between FIGS. 14 and 3, in
the word line decoder monitoring circuit 150 in FIG. 14, the
decoder circuits WL-DEC1, WL-DEC2, and WL-DECS3 are
not included. This is because it is sufficient for the word line
decoder monitoring circuit 150 to monitor a boost circuit
potion (boost function) of the actual word line decoder 105.

In other words, to the inputs of the inverters WL-111 and
WL-121, the control signals WL-TIM1 and WL-TIM2 are
directly input, respectively, and the input of the inverter WL-
131 is grounded (GND).

In the time determination signal generation circuit 130
illustrated in FIG. 14, the gate voltage VTG of the transfer
gate transistor M0 in the word line decoder monitoring circuit
150 is input to the first input of the differential amplifier 300
as it is and is compared (differential amplification) with a
reference voltage Vr of the second input.

The reference voltage generation unit 310 includes resis-
tors R31 to R33 connected in series between a boosted volt-
age line (VPP) and ground line (GND) and a switch SW
which is controlled by a control signal CS. The switch SW
switches the voltage at the connection node of the resistors
R31 and R32 and the voltage at the connection node of the
resistors R32 and R33 and outputs either of the voltages to the
differential amplifier 300 as the reference voltage Vr.

In other words, by controlling the switch SW by the switch
control signal CS, the potential of the reference voltage Vr,
which is compared with the gate voltage VTG of the transistor
MO input to the differential amplifier 300 from the word line
decoder monitoring circuit 150, is adjusted. This configura-
tion makes it possible to carry out an adjustment to the pre-
determined determination time of the time determination sig-
nal DT (a period when DT="H").

The reference voltage generation unit 310 which generates
the reference voltage Vr may be implemented with various
circuits and may generate a fixed voltage corresponding to a
gate voltage VTG that makes the transistor M0 turn on with-
out any failure.

In the time determination signal generation circuit
described above with reference to FIG. 12, for example, the
time determination signal DT (a period when DT="H") tends
to lengthen at a high temperature, under which the leakage
current IL is large, because the time determination signal DT
is generated by using a delay circuit configured with the
inverters 1131 to 1136. This is because nMOS transistors in a
delay circuit configured with inverters have the property that,
at high temperatures, an on-state current decreases and a
delay time lengthens.

On the other hand, in the time determination signal gen-
eration circuit illustrated in FIG. 14, when the leakage current
IL increases at high temperatures, the potential of the gate
voltage VTG of the transfer gate transistor M0 decreases
faster, causing the time determination signal DT (a period
when DT="H") to shorten.
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As described above, by applying the time determination
signal generation circuit illustrated in FIG. 14, it becomes
possible to carry out a proper operation by, for example,
compensating an effect of a change in a leakage current IL.
due to temperatures or the like in an environment in which the
FeRAM is used.

FIG. 15 is a waveform chart to describe an operation of the
semiconductor memory device when a cycle time is shorter
than a predetermined determination time.

FIG. 16 is a waveform chart to describe an operation of the
semiconductor memory device for the case illustrated in FIG.
15.

FIG. 17 is a waveform chart to describe an operation of the
semiconductor memory device when a cycle time is longer
than a predetermined determination time.

FIG. 18 is a waveform chart to describe an operation of the
semiconductor memory device for the case illustrated in FIG.
17.

Although a period when DT="H" in FIG. 15 is drawn
longer than a period when DT="H" in FIG. 17 and a period
when /CE=“L"” is drawn in the same length in both FIGS. 15
and 17, it is sufficient to consider a comparison of length
between a period when /CE=“L.”” and a period when DT="H".

For example, the same processing is carried out for both
cases in which a time determination signal DT with a fixed
period when DT="H" is generated by the circuit illustrated in
FIG. 12 and in which a time determination signal DT with a
varying period when DT="H" due to, for example, the tem-
perature or the like in an environment around the circuit is
generated by the circuit illustrated in FIG. 14.

In other words, when a period when /CE=“L” is shorter
than a period when DT="H", the processing in FIGS. 15 and
16 is carried out, and when a period when /CE="L" is longer
than a period when DT="H", the processing in FIGS. 17 and
18 is carried out.

First, as illustrated in FIG. 15, when a cycle time is shorter
than a predetermined determination time, i.e. a period when
/CE="L"1is shorter than a period when DT="H”, the process-
ing described above with reference to FIG. 6 is carried out as
it is.

In this processing, because, in the circuit illustrated in FIG.
11, the output of the AND gate AND1A' is set to “L.” in a
period when DT="H” and, in the period, the reset signal
WL-rstb is set to “L”, the output of the OR gate OR3 (reset
signal WL-rsta') is maintained at “L.”. Therefore, the outputs
of the flip-flops FF1B and FF2B become the outputs of the
OR gates OR1 and OR2 (control signals WL-TIM1 and WL-
TIM2 from the timing circuit 103) as they are.

The AND gate AND1B in FIG. 11 practically corresponds
to the AND gate AND31 in FIG. 5A, and the timing circuit
illustrated in FIG. 11 corresponds to the timing circuit illus-
trated in FIG. SA.

Accordingly, when a period when /CE="L” is shorter than
a period when DT="H”, before insufficient writing to the
memory cell MC caused by a leakage current IL takes place,
it is decided that a write operation is ending, a next write
command is awaited without any action and then write pro-
cessing is carried out. In other words, the waveform chart
illustrated in FIG. 16 is similar to the waveform chart illus-
trated in the above-described FIG. 6 and the processing
described above with reference to FIG. 6 is carried out as it is.

Next, when the cycle time is longer than a predetermined
determination time as illustrated in FIG. 17, i.e., a period
when /CE=“L" is longer than a period when DT="H", it is
decided that it takes a long cycle time LCT.

Under this condition, in the circuit illustrated in FIG. 11,
when the time determination signal DT falls from “H” to “L”,
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the output of the AND gate AND1A' rises from “L” to “H”,
and the reset signal WL-rsta' output from the OR gate OR3
rises to “H”.

As apparent from a comparison between FIGS. 11 and 17
and the above-described FIGS. 10A and 10B, the reset signal
WL-rsta' in FIG. 17 corresponds to the reset signal WL-rsta in
FIG. 10B.

Accordingly, when a period when /CE="L.” is longer than
aperiod when DT="H”, it is decided that insufficient writing
to the memory cell MC caused by a leakage current IL is
taking place and processing similar to the processing in the
above-described FIGS. 9, 10A, and 10B is carried out. In
other words, the waveform chart illustrated in FIG. 18 is
similar to the waveform chart illustrated in the above-de-
scribed FIG. 9 and the processing described above with ref-
erence to FIG. 9 is carried out as it is.

As described above, according to the embodiment, by
deciding whether or not processing to resolve insufficient
writing to a memory cell due to a leakage current is carried out
based on a determination whether or not it takes a long cycle
time, it becomes possible that proper data writing is carried
out while an increase in consumption current is suppressed.

A period for which the time determination signal DT sat-
isfies DT="H" (predetermined determination time) is deter-
mined, for example, as described in detail with reference to
FIGS. 7 and 8, based on atime for which a decrease in the gate
voltage VTG of the transistor M0 due to the leakage current
IL through the transistor M3 becomes a problem.

Specifically, for example, when a problem takes place
when an interval between a read command and a succeeding
write command is 1 psec, the determination time (a period for
which DT="H" is satisfied) may be set to approximately 500
nsec by leaving a margin.

The determination time, as described above, may be set to,
for example, a value which changes dynamically according to
a condition such as the temperature at which the FeRAM, to
which the embodiment is applied, is used. The determination
time, however, may also be set to a proper fixed value accord-
ing to a specification of the FeRAM or the like.

FIG. 19 is a diagram to describe a reduction in power
consumption by the semiconductor memory device accord-
ing to the embodiment. In FIG. 19, a reference symbol LL.1
refers to a property when the level of the word line WL is not
lowered (FIG. 6), LL2 refers to a property when the level of
the word line WL is lowered (FIG. 9: when the word line WL
is pre-charged), and LL3 refers to a property when the
embodiment is applied.

In FIG. 19, the horizontal axis represents frequency [Hz]|
and the vertical axis represents consumption current [A].
Moreover, in FIG. 19, to simplify the description, it is sup-
posed that the state transfers to a long cycle time LCT at a
frequency of 1M [Hz] or less, i.e. a period when /CE=L"
becomes longer than a period when DT="H”, and insufficient
writing to the memory cell MC caused by the leakage current
IL takes place.

As illustrated by LL1 and LL2 in FIG. 19, consumption
current increases as frequency rises higher in both cases but
the consumption current of L1 is smaller than the consump-
tion current of LI.2 because there is no consumption current
due to charging and discharging on the word line WL. The
higher the frequency is, the more eminent the difference in
consumption current (the difference between LL.1 and [.L1.2)
becomes.

In the LL1 case in which the level of the word line WL is
not lowered, when, for example, the operating frequency is at
several hundred K [Hz] (a frequency lower than 1M [Hz]),
insufficient writing to a memory cell MC caused by a leakage
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current I, may take place. Accordingly, in order to carry out
normal data writing to a memory cell MC regardless of a
leakage current IL, as illustrated by LL.2, processing to write
data “1” is carried out after the level of the word line WL is
lowered, i.e., the word line is pre-charged.

On the other hand, according to the embodiment, as illus-
trated by L3 in FIG. 19, when a period in which /CE="1" is
shorter than a period in which DT="H", i.e., the operating
frequency is higher than 1M [Hz], for example, consumption
current similar to LL.1 may be achieved. According to the
embodiment, when the operating frequency is at a maximum
frequency (e.g. 10 [MHz]), it is possible to achieve a largest
reduction in consumption current.

Moreover, according to the embodiment, when a period in
which/CE="L"is longer than a period in which DT="H", i.e.,
the operating frequency is lower than 1M [Hz], for example,
consumption current similar to L2 may be achieved because
normal data writing to a memory cell is carried out regardless
of a leakage current IL.. An increase in consumption current
(difference between LL2 and LI.1) when the operating fre-
quency is lower than 1M [Hz] may practically not be so large.

When the time determination signal generation circuit
illustrated in the above-described FIG. 14 is used, because an
effect of'a change in a leakage current IL. due to the surround-
ing temperature or the like may be compensated, a margin
estimated in advance may be suppressed to be small. In other
words, in FIG. 19, by setting the frequency (1M [Hz]) at
which LL1 and LL2 are switched to a lower frequency, it is
possible to achieve a further reduction in power consumption.

In the design of power supply capacity, for example, an
arrangement of smoothing capacitance in the power supply
and a power supply wiring width are determined so that even
a current of the circuit operating at the maximum frequency
may be supplied stably. By applying the above-described
embodiment, consumption current at the maximum fre-
quency may be reduced, and, for example, it is possible to
maintain a stable power supply voltage without widening
power supply wiring width compared with a case in which the
level of the word line is lowered for all operating frequencies.

The embodiment is not limited to an FeRAM but may be
applied to other various semiconductor memory devices
including a DRAM.

All examples and conditional language provided herein are
intended for the pedagogical purposes of aiding the reader in
understanding the invention and the concepts contributed by
the inventor to further the art, and are not to be construed as
limitations to such specifically recited examples and condi-
tions, nor does the organization of such examples in the
specification relate to a showing of the superiority and infe-
riority of the invention. Although one or more embodiments
of the present invention have been described in detail, it
should be understood that the various changes, substitutions,
and alterations could be made hereto without departing from
the spirit and scope of the invention.

What is claimed is:

1. A semiconductor memory device, comprising:

a memory cell array configured to include a plurality of
memory cells;

a word line decoder configured to control selection and a
voltage level of a word line connected to each of the
memory cells;

a time determination signal generation circuit configured
to generate a time determination signal indicating a
determination time, the determination time being a ref-
erence by which a change in a command is determined;
and
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a timing circuit configured to determine the change in the
command from the time determination signal and gen-
erate a control signal which controls whether or not a
selected word line is pre-charged,

wherein the control of whether or not a selected word line
is pre-charged is carried out when, after a write com-
mand is output, the write command to write first data is
output by setting a potential of a bit line connected to the
memory cell to a power supply voltage and setting a
potential of a plate line connected to the memory cell to
a ground potential, and

wherein the control of whether or not a selected word line
is pre-charged is carried out when the first data is written
after second data that are different from the first data
have been written to all of the memory cells.

2. The semiconductor memory device according to claim 1,
wherein the time determination signal generation circuit is
installed in the timing circuit.

3. The semiconductor memory device according to claim 1,
wherein the control signal controls a decoder circuit in the
word line decoder.

4. The semiconductor memory device according to claim 1,
wherein the change in a command corresponds to a cycle time
with which the memory cell is accessed.

5. The semiconductor memory device according to claim 1,
wherein the semiconductor memory device further comprises
a column line decoder configured to control selection of a bit
line connected to each of the memory cells.

6. The semiconductor memory device according to claim 5,
wherein:

the semiconductor memory device is a ferroelectric
memory, and

the semiconductor memory device further comprises a
plate line decoder configured to control selection of a
plate line connected to each of the memory cells.

7. The semiconductor memory device according to claim 6,
wherein the memory cells each comprise a 1T1C-type ferro-
electric memory cell which contains a transistor and a capaci-
tor.

8. The semiconductor memory device according to claim 1,
wherein the command is a chip enable signal.

9. A semiconductor memory device, comprising:

a memory cell array configured to include a plurality of

memory cells;

a word line decoder configured to control selection and a
voltage level of a word line connected to each of the
memory cells;

a time determination signal generation circuit configured
to generate a time determination signal indicating a
determination time, the determination time being a ref-
erence by which a change in a command is determined;
and

a timing circuit configured to determine the change in the
command from the time determination signal and gen-
erate a control signal which controls whether or not a
selected word line is pre-charged, wherein the timing
circuit compares a chip enable signal with the time deter-
mination signal and pre-charges the selected word line
when an enable time by the chip enable signal is longer
than the determination time by the time determination
signal.

10. A semiconductor memory device, comprising:

a memory cell array configured to include a plurality of
memory cells;

a word line decoder configured to control selection and a
voltage level of a word line connected to each of the
memory cells;
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a time determination signal generation circuit configured determination time, the determination time being a ref-
to generate a time determination signal indicating a erence by which a change in a command is determined;
determination time, the determination time being a ref- and
erence by which a change in a command is determined; a timing circuit configured to determine the change in the
and 5 command from the time determination signal and gen-

a timing circuit configured to determine the change in the
command from the time determination signal and gen-
erate a control signal which controls whether or not a
selected word line is pre-charged, wherein the time
determination signal generation circuit further com- 19
prises a word line decoder monitoring circuit configured
to monitor a leakage current in the word line decoder,
and generate the time determination signal by using an
output signal of the word line decoder monitoring cir-
cuit. 15

11. A semiconductor memory device, comprising:

a memory cell array configured to include a plurality of
memory cells;

a word line decoder configured to control selection and a
voltage level of a word line connected to each of the 20
memory cells;

a time determination signal generation circuit configured
to generate a time determination signal indicating a L

erate a control signal which controls whether or not a
selected word line is pre-charged, wherein the time
determination signal generation circuit further com-
prises a differential amplifier configured to define the
determination time in the time determination signal by
comparing a gate voltage of a transfer gate transistor
connected to the word line with a reference voltage, the
word line being monitored by the word line decoder
monitoring circuit.

12. The semiconductor memory device according to claim
11, wherein a potential of the reference voltage is configured
to be adjustable.

13. The semiconductor memory device according to claim
1, wherein the word line decoder is configured to boost a gate
voltage of a transfer gate transistor connected to the selected
word line in a plurality of steps.



